Abstract Six-year (2005Six-year ( -2010 ) and their interactions with morphological properties (i.e., slope and area), land cover, and hydrological seasonality were examined to identify controlling factors and processes governing patterns of stream water quality in the upper Han River, China. Correlation analysis and stepwise multiple regression models revealed significant correlations between ions (i.e., Cl 2 , SO 4 22 , Na + and K + ) and land cover (i.e., vegetation and bare land) over the entire catchment in both high-and low-flow periods, and in the buffer zone the correlation was much more stronger in the low-flow period. Catchment with steeper slope (.15u) was negatively correlated with major ions, largely due to multicollinearity of basin characteristics. Land cover within the buffer zone explained slightly less of major elements than at catchment scale in the rainy season, whereas in the dry season, land cover along the river networks in particular this within 100 m riparian zone much better explained major elements rather than this over the entire catchment. Anthropogenic land uses (i.e., urban and agriculture) however could not explain water chemical variables, albeit EC, TDS, anthropogenic markers (Cl 2 , NO 3 2 , SO 4 2 ), Na + , K + and Ca 2+ significantly increased during 2005-2010, which was corroborated by principal component analyses (PCA) that indicated anthropogenic inputs. Observations demonstrated much higher solute concentrations in the industrial-polluted river. Our results suggested that seasonal evolution of water quality in combined with spatial analysis at multiple scales should be a vital part of identifying the controls on spatio-temporal patterns of water quality.
Introduction
The geochemical study of water major ions reveals the character of water-rock interactions and other various natural (i.e., evaporation and precipitation) and anthropogenic processes in the drainage basin and plays an important role in understanding stream mineralogy/petrology, as well as chemical weathering rates and associating CO 2 consumption, which are greatly affected by meteoric water and land coverage [1] [2] [3] [4] [5] [6] . Studies indicated that human activities strongly modified the compositions of major chemical species (e.g., [5] , [7] ), for instance, nitrate was predominantly controlled by anthropogenic origins especially with the applications of fertilizers [8] , [9] and urbanisation [10] . Chen et al [5] , [11] also reported persistent increases in Cl 2 and SO 4 22 concentrations in the large China's Rivers of Yangtze and Yellow. Numerous studies have related landscape to water quality especially nutrients using empirical techniques such as correlation analysis and stepwise multiple linear regression models [7] , [12] [13] [14] [15] , and indicated that basin physical characteristics such as land use types, morphological characteristics and local geology substantially influence the hydrology and water variables, and consequently mediate fluvial chemical compositions [10] , [16] , [17] . Their relative impacts on water chemistry depend on geographical scale (e.g., local, regional, national, continental and global) and sampling factors (e.g., random versus geostatistical; high versus low density). In general, large geographical scale with low density or random sampling tends to identify geologic factors whereas limited geographical scale with high density or geostatistical sampling tends to identify land use/land cover factors. However, the relative influences of land cover in catchment vs riparian zone and diverse riparian land cover on water quality are mixed (cf. [10] , [13] , [14] ).
Previous studies on the upper Han River have characterized water quality [18] , water geochemistry and chemical weathering process [19] [20] [21] , and relationships between water quality and land use/land cover using multivariate statistics from samples over 2005-2006 [22] , [23] . They revealed that water quality parameters (e.g., nitrogen, phosphorus, total suspended solid and chemical oxygen demand) were better explained by land cover (bare land, agriculture and urbanisation) within the catchment rather than land cover close to rivers, as well as major elements were predictable by bare land and vegetation within 100 m riparian zone [23] . Whereas, the influences of interactions of land use/land cover relating to multiple spatial scales, topography, and hydrological seasonality on water chemistry, as well as their longterm trends are unavailable. Recent reports have emphasized the effects of basin physical characteristics (topography, soil, geology and hydrology) on water quality [10] , [17] . The relative importance of varying riparian land cover on major chemical species is, however, poorly understand, which is critical for determining the desirable width of a riparian zone in water conservation [14] .
The objectives of the present study were therefore to (1) examine the relationships between major chemical species, catchment landscape variables (i.e., composition of land cover) and physical characteristics (i.e., slope and hydrology), (2) determine the effective riparian width (100 m, 200 m or 500 m) on water chemistry, and (3) reveal 6-year evolution of water quality in the river. Thus, the original contribution of the manuscript, with respect to earlier works, is that varied riparian land cover and landscape variables such as slope and area within the subcatchment are taken into consideration. The other important contribution is long-term variations in water quality particularly anthropogenic markers of variables such as Cl 2 , NO 3 2 , SO 4 2 , etc.
Materials and Methods

Ethics statement
No specific permits were required for the described field studies and our field studies did not involve endangered or protected species.
Study area
The upper Han River (31u209-34u109N, 106u-112uE; 210-3500 m a.s.l), a north sub-tropic basin supplying water to north China through the South-to-North Water Transfer Project (SNWTP), is situated between the northern Daba Mountains and the southern Qinling Mountains with a drainage area of approximately 95, 200 km 2 and 925 km long (Fig. 1) . The average annual precipitation is 700-1,800 mm, and 80% of which falls in the rainy season, generally from May to October. The dominant land cover categories are vegetated lands, followed by cultivated land and bare land, respectively 77%, 15% and 6% of the total area. Areas with intensive anthropogenic activities including cultivation and urban lands are distributed along the river there were 126 water samples in the high and low flow periods, respectively. Waters were collected at a depth of 10 cm using previously acid-washed high density polyethylene (HDPE) 1 L containers, and samples for ion measurements were filtered using pre-washed 0.45 mm Millipore nitrocellulose filters on the sampling day, and were stored in pre-cleaned HDPE bottles. A small portion of filtered solution for anion measurements and another portion acidified using ultra-pure concentrated nitric acid to pH 2 for cations determination were prepared.
Water temperature, pH, total dissolved solid (TDS) and electrical conductivity (EC) were measured in situ using YSI 6920 (YSI incorporated, Yellow Springs, Ohio, USA) multiparameter probe after calibrations. HCO 3 2 is considered equaling to alkalinity (i.e. accounting for more than 99% of the total alkalinity) because of the pH values .7, and alkalinity was titrated by hydrochloric acid on the sampling day. Major cations (Na ) were determined using Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-AES) (IRIS Intrepid II XSP DUO, USA). Anions (Cl 2 , NO 3 2 and SO 4 22 ) were determined using Dionex Ion Chromatograph (Dionex Corporation, Sunnyvale, CA, USA). Reagent and procedural blanks were determined in parallel to the sample treatment using identical procedures. Each calibration curve was evaluated by analyses of these quality control standards before, during and after the analyses of a set of samples. The analytical precision was within 610%.
Previous studies reported the relationships between water quality and land use/land cover (LULC) in 100 m buffer along the stream network and those in the entire watershed [22] , [23] . In the present study, 200 m and 500 m riparian land covers were also complemented for multiple spatial analyses (Fig. 2) . Land use/land cover of the basin were derived using Landsat TM and +ETM (1998-2001) with hybrid of supervised and unsupervised classification algorithms. Considering their different impacts on stream water quality, land cover categories were aggregated into five major classes, i.e., vegetation (forest, shrub), agriculture, urban, water bodies and bare lands [22] . Each land cover class was expressed as a proportion of its respective subcatcment area. Nine sub-catchments with an area ranging between 4030 and 18 900 km 2 were delineated based on the sub-watershed boundary derived from DEM using Digital Elevation Model (DEM) on a geographic information system (GIS) platform [22] , [23] .
GIS-derived landscape physical characteristics at subcatchment level included watershed area, average watershed slope (0u-8u, 8u-15u, 15u-25u and .25u), and the land use composition in respective area. The digital terrain model (DTM) used to derive the average slope was interpolated from digital elevation data obtained from the National Geomatics Center of China. Each physical variable was expressed as a proportion of the respective area of interest.
Statistical analyses
The Pearson's correlation coefficients were applied to examine the strength and significance of the relationships among watershed characteristics and major elements, and two-sample t-tests at 0.05-level were considered to be significant. Stepwise multiple linear regression models were built with major elements as dependent variables. Significance at the 0.05 probability level was considered for the models [22] . Kendal Tau tests were used to analyse the trends of major elements. Principle component analysis (PCA) is designed to transform the original variables into smaller new, uncorrelated (independent) variables, called principal components (PCs), which are linear combination with observable variables [24] [25] [26] . PCA, used in our study, helped in identifying the possible contribution sources affecting water quality. Kaiser-Meyer-Olkin (KMO) and Bartlett's sphericity tests were employed to examine the suitability of the data for PCA. All the statistical analyses were performed using SPSS 15.0 for windows, and figures representing water variables were produced by SigmaPlot 11.0.
Results
Catchment land use/land cover compositions including vegetation, agriculture, urban, waters and bare land (Fig. 2a) [20] , [23] . In the present study, detailed variations of major elements were shown in the Figure S1 , which indicated large inter-and intra variability among subcatchments. In addition, varied riparian land cover and landscape factors such as slope and area within the subcatchment were complemented ( Fig. 2b-2d ; Table 1 ). As the buffer width increased from 100 to 500 m, proportion of urban decreased from 0.5-5% in 100-m buffer to 0.3-3.9% in 500-m buffer, proportion of agriculture decreased from 22-43% in 100-m buffer to 17-40% in 500-m buffer, while the proportion of vegetation increased with a range of 53.5-80.7% in the 500-m buffer. Vegetated coverage accounted for 71.2-95.7% in the subcatchment level, while 3.4-21% and 0.04-1.2% for agriculture and urban, respectively. Analysis for morphological characteristics was shown in Table 1 . Lands with slope of 0u-8u varied between 7% (SUB 4) and 33.62% (SUB 9) of the total area in the respective zone, and 17.07% (SUB 3)-29.34% (SUB 2), 28.70% (SUB 9)-45.47% (SUB 4) and 9.31% (SUB 2)-33.15 (SUB 3) for lands with slope of 8u-15u, 15u-25u and greater than 25u, respectively. Generally, there were small proportion of lands with slope grater than 25u in regions with relatively lower elevation, i.e., SUBs 1, 2 and 9 ( Fig. 1; Table 1 ). In areas (SUBs 3, 4 and 6) with high elevation of Qinling and Daba Mountainous regions, lands with slope greater than 15u accounted for more than 74% of the total area in the respective (Table 3) . Lands with slope of 0u-8u and 8u-15u were positively correlated with major ions (i.e., Cl 2 , NO 3 2 , SO 4 22 , Na + and K + ), while lands with slope greater than 15u were negatively correlated to major ions, though slope and major element interactions were variable as hydrological seasonality. Overall, the dominant cation Ca 2+ and the dominant anion HCO 3 2 showed weak relationships with slope parameters (Table 4) .
Stepwise multiple linear regression indicated that Cl 2 , SO 4 22 , Na + and K + could be predictable by bare land in the subcatchment in the both water flow seasonality (Table 5) . At the riparian level, NO 3 2 , SO 4 22 , Na + and K + were predictable by bare land in the rainy season, while EC, dissolved materials and elements except HCO 3 2 were predictable by land cover such as bare land and vegetation in the dry season (Table 6) .
Seasonal variations of water variables were illustrated in Fig. 3 
Landscape setting influences on water quality
Previous studies reported the water chemistry controlled by carbonate weathering in the Han River [19] and most water physico-chemical variables with stream flow seasonality driven by climatic and biotic factors and therefore mainly by the terrene processes in a basin [13] , [14] , [27] . Thus, land use types and hydrological regime could have important roles in mediating fluvial major element distributions, as reflected by their considerable variability (Fig. 3) . This was also respectively corroborated by the strong positive correlations between Cl 2 , NO 3 2 , SO 4 22 , Na + and K + and bare land (Table 2 ) [16] , and strong negative correlations between anions (Cl 2 , NO 3 2 and SO 4 22 ) and the proportion of vegetation, in agreement with the conclusion of vegetation mitigating water chemicals [14] , [16] , [28] , [29] . Our study showed remarkable variability in the interactions among hydrological regime, land use/land cover and major chemical species (Tables 2 and 3 ). Compared to the rainy season, fewer variables had significant associations with land use within the entire catchment in the dry season, which was primarily contributable to anthropogenic inputs especially the point sources. Whereas, variables were strongly more associated with land use along rivers such as 100 m [23] , 200 m and 500 m in the dry season ( Table 3 ), suggesting that precipitation within the buffer zone had much higher explanative values to elements and hydrological pathways greatly mediated major element compositions [15] .
Slope could greatly regulate water physico-chemicals. For instance, steeper slope could promote surface water flow rates and understandably increase soil erosion [14] [15] [16] . Our results indicated that low catchment slope (,15u) and major element interactions were consistent with commonly observed pattern of their positive associations while those in the catchment with high slope (.15u) were somehow contradictory (Table 4) . Though the negative correlations between base cations and alkalinity and steep slopes in unvegetated terrain were reported [16] , [29] , while Meynendonckx et al [15] concluded that there was no direct explanation for the negative associations. Thus, the slope influences on water chemistry were varying. It was established that watershed physical characteristics such as soil properties (soil texture and soil drainage), morphological variables (drainage density and elongation) [10] , [13] , [14] , [15] , [17] , [30] , particularly the surficial debris remarkably influenced water chemistry in river waters [16] , [29] , we therefore ascribed the abnormal interactions to their multicollinearity. Also, hydrological regime and the proportion of vegetation might be another important factor impacting their correlations [14] , [15] , [31] . This was confirmed by increasing proportion of vegetation coverage in its respective gradient as slope increases (Table 1) , which primarily resulted in their negative relationships (Table 4) . Numerous researches have characterized the relative importance of land use along rivers in comparison with this in the entire catchment on water quality variables [13] [14] [15] , [23] , [28] , but they obtained varied results. Our results demonstrated that similar variables in the rainy season and more variables in the dry season could be predictable by landscape setting within varied buffer zone (Tables 5 and 6 ), indicating the interactive influence of hydrological routing/landscape overriding land cover [13] , [15] . Generally, land use close to rivers (100 m, 200 m and 500 m buffer) better explained major elements than land use away from rivers (Tables 5  and 6 ) [23] , similar to the results of Johnson et al [13] and Chang [10] , while contrary to other studies (e.g., [14] , [15] , [28] ). This might be the result of their predominant natural origins in such a pristine area [19] , [21] , confirmed by the weak associations between anthropogenic processes (urban and agriculture) and major elements (Tables 2 and 3) . Also, multiple regression analysis demonstrated that HCO 3 2 could not be explained by landscape variables, which was largely due to carbonate-rock weathering and associated CO 2 dissolution in origin [19] , [21] , which could be responsible for its insignificant trends at catchment and individual river scale analysis (Figs. 3 and 4) As regards multiple riparian land cover on major elements, similar observations were found with more variables predictable by landscape in the dry season (Table 6 ). This reflected that present buffer construction did not effectively retain pollutant loads in the high flow period. Our results also demonstrated that the Pearson R/adjusted R 2 decreased as the width of buffer zone increases from 100 m to 500 m (Tables 2, 3 , 5 and 6) [23] , indicating that the 100 m riparian zone could effectively explain major elements in the Han River.
Seasonal evolution of water quality using chemometrics
Albeit major elements could not be predictable using landscape setting of urban or agriculture at both buffer and the whole basin scale analyses, significant increases in water chemical concentrations such as EC, TDS, Cl 2 , NO 3 2 , SO 4 22 , Na + , K + and Ca
2+
( Fig. 3 ) demonstrated anthropogenic sources. We further compared major ion concentrations in the two rivers of the upper Han River, and much higher concentrations with large variations were observed in the Sishui River (Fig. 4) , an industrial polluted river through the Shiyan city. The city was a home for motor manufacturer with a population of around 5 million. 3 2 in the Jinshui River (a pristine river) significantly increased as sampling time (p,0.05; Fig. 4 ), indicating the important roles of anthropogenic inputs such as domestics, excretion and agrochemical fertilizers, which directly contributed to Cl 2 , NO 3 2 , SO 4 22 , Na + and K + , whereas the growth rate was smaller compared to the Sishui River. Researches have reported agricultural activities and road construction can accelerate mechanical erosion and chemical weathering process [11] , [32] , resulting in increases of Ca 2+ and Mg 2+ concentrations (Fig. 4) . Results obtained from KMO and Bartlett's sphericity test were 0.7 and 76.4 (df = 28, p,0.001), respectively, implying PCA would be effective in reducing dimensionality of datasets. PCA with Varimax normalized rotation yielded two PCs with eigenvalues .1, explaining 73.4% of the total cumulative variance (Table 8) (Table 7) , which was consistent with the fact of typical carbonate-dominant drainage basin. There were persistent increases in anthropogenic markers of Cl 2 and SO 4 22 in the China's rivers including Yangtze and Yellow [5] , [11] , similar trends were also observed in our study, indicating their anthropogenic origins. PC2, explaining 24% of the total variance, had strong positive loading on NO 3 2 , and moderate positive loadings on Na + , K + and Ca
. This component represented nutrient element and might be controlled by anthropogenic factors. Totally, anthropogenic activities are fundamentally altering water quality in the upper Han River, however, minimal proportion of urban and dispersed patches of cropland (mainly dry land), as well as other topographic features such as elevation, and soils [17] could mask the empirical statistical correlations between water quality and anthropogenic land uses. Further, differences in geographical scale greatly changed the observations of land use on water chemistry, maybe a highly spatial resolution, i.e., 24 small streams including 8 rivers representing urban processes, 8 rivers for agricultural activities and 8 rivers for pristine areas should be designed in the Han River. We also found that solutes in the ground water in the Han River (indicated by TDS from 300-820 mg/l; unpublished), much higher than those in the river water (mean: 210 mg/l), showed remarkably seasonal and spatial variations. This presumably influenced river water chemistry particularly in the dry season and could contribute positively or negatively to the effects of land cover on water chemistry. Thus, long-term evolution of water quality and comparison of some representative rivers should be incorporated when considering landscape effects on water quality, and further study should pay more attention to surface water, ground water and land use in a small geographical scale.
Quality assessment
Waters in the upper Han River have low mineralization with midly alkaline pH, and the industrial polluted river (Sihe River) showed very high concentrations, for instance, Cl 2 was ten-fold that in the Jinshui River, and four-fold for NO 3 2 and SO 4 22 . By comparison with World Health Organization [33] and China's State Standard [34] for drinking water (Table 9) , all the averaged variables were within the maximum desirable limits, whereas, Ca 2+ and NO 3 2 in some tributaries were over the maximum desirable limits of WHO and CSS standards, and Mg 2+ was close to the safe limit of 30 mg/l.
Excessive loading of nutrients such as nitrogen contributes to eutrophication, resulting in alga blooming and hypoxic ecosystems. Dodds et al [35] suggested total nitrogen greater than 1.5 mg/l in eutrophic rivers and streams. In the present study, around 30% of samples with nitrate-N concentration were found to be above 1.5 mg/l. Observed significant increases of nitrogen concentrations due to anthropogenic activities were the possible indications of entrophication in the basin.
Compared to global averages (Table 9) , major ion concentrations were much higher, for example, SO 4 22 concentrations was three-fold and other chemicals were two-fold the world spatial means. TDS 
Conclusion
The analysis suggested that major chemicals were largely regulated by hydrological regime, slope and land use/land cover (vegetation and bare land). Vegetation and bare land showed strong relations with water chemistry, while anthropogenic activities including urbanisation and agriculture showed weak associations with dissolved elements. The correlations between catchment slope greater than 15u and major elements contrasted to the more commonly observed pattern of steeper slope increasing water physico-chemicals, which was largely the result of multicollinearity of soil characteristics, other morphological properties including drainage density and elongation, land cover composition (the ratio of vegetation/agriculture) in the respective slope gradient.
Stepwise multiple regression models indicated great hydrological seasonality in landscape variables explaining major elements. Land cover within the buffer zone was not a better predictor for major elements than this over the entire catchment during the high flow period, while water variables were better explained by buffer scale analysis during the low flow period, reflecting the important mediating impact of hydrological routing on river water chemistry. Further, similar results were observed among varied buffer strip relating land cover to major variables, as a result, 100 m riparian land cover was enough to explain major elements in the Han River.
Seasonal evolution demonstrated diverging trends for in-stream water quality in the upper Han River. There were significant increases in EC, TDS, Cl 2 , NO 3 2 , SO 4 2 , Na + , K + and Ca 2+ during 2005-2010. However, minimal proportion of urban and disperse patches of cropland could mask the associations between anthropogenic land covers (i.e., urban and agriculture) and water chemistry using chemometrics. Therefore, incorporating longterm trends and selected rivers into landscape setting effects on water quality could enhance our understanding of patterns and processes in water quality particularly the anthropogenic contributions. Landscape spatial analysis relating to water quality at multiple scales will be an essential component of examining the fundamental sptio-temporal patterns of water quality, however, highly spatial resolution with hydrology, land cover, topography and soil factors should be holistically included. Supporting Information 
